The unstable mutation Adhl-Fm335 contains a Dissocialion (Dsl) transposable element at position +53 in the untranslated leader of the maize Alcohol dehydrogenase-1 (Adhl) gene. Excision of Dsl is known to generate new alleles with small additions and rearrangements of Adhl DNA. We characterized 16 revertant alleles with respect to ADHl activity levels in scutellum (nutritive tissue of the seed), anaerobic root, and pollen. Whereas gene expression was not different from the wild type in the sporophytic tissues of the scutellum and anaerobic root, there were strong allelic differences in pollen. One allele underexpressed pollen ADH1 at 48% of the wild-type level, and another overexpressed pollen ADHl at 163% of the wild-type level. Quantitative RNase protection assays demonstrated that the mutant phenotypes reflected changes in the levels of steady state mRNA in pollen. These data provide a definitive demonstration of an overexpression mutant in plants and further show that marked increases in mRNA levels can follow minor alterations in central untranslated leader sequences. The nucleotide sequence of 12 new revertant alleles and the molecular mechanisms responsible for pollen-specific gene expression are discussed.
INTRODUCTION
Little is known of how gene expression changes during the alternating diploid and haploid generations of vascular plants. Studies indicate that most plant genes are expressed in both the diploid stage, or sporophyte, and the haploid stage, or gametophyte (Ottaviano and Mulcahy, 1989) . In maize, ~7 2 % of all isozymes (Gorla et al., 1986) and 85% of all mRNAs (Mascarenhas et al., 1984) are.expressed in both the sporophyte and male gametophyte. One way to study the genetic basis of gametogenesis isto analyze genes that are expressed specifically in pollen. This method has been used to identify 5'sequences required for pollen expression in avariety of species (van Tunen et al., 1990; Albani et al., 1991; Twell et al., 1991; Hamilton et al., 1992) . Transient expression assays have been used to identify minimal pollen-specific promoters, enhancer sequences, and potential negative regulatory elements (Twell et al., 1991; Hamilton et al., 1992) . Sequence comparisons (Albani et al., 1991) and the fact that a pollen-specific promoter region from maize faithfully directs pollen expression in tobacco indicate that the cis-acting sequences involved in pollen expression are functionally conserved among divergent species (Guerrero et al., 1990) .
Another strategy for analyzing gametophytic gene expression involves mutational analysis of genes that are expressed 1 To whom correspondence should be addressed at the Department of Molecular and Cell Biology, University of California, Berkeley, CA 94720. throughout the life cycle. The maize Alcoholdehydrogenase-7 (Adhl) gene is particularly well suited to genetic studies in both sporophyte and gametophyte (see Freeling and Bennett, 1985; Bailey-Serres et al., 1988; Williams et al., 1991) . Although most mutations reduceAdh7 expression to the same extent in both the sporophyte and gametophyte (Freeling and Bennett, 1985) , mutations can also affect either one independently. This is illustrated by the mutant allele Adhl-3F7724, which carries a transposon in the promoter region that is flanked on both sides by a TATA box. Enzyme activity and Adhl-3F7724 transcript levels are reduced in root and scutellum but not in pollen (Chen et al., 1987) . Excision of the transposon and both TATA boxes leads to restored root expression but significantly reduced pollen expression (Kloeckener- Gruissem and Freeling, 1987; Kloeckener-Gruissem et al., 1992) . Thus, pollen expression is unaffected by transposon insertion at the TATA box but dramatically affected by the removal of the consensus promoter region. In a similar study of the bronze4 gene, transposonmediated lesions at position -63 in the promoter reduced endosperm and husk expression but left pollen expression unaffected (Sullivan et al., 1989) . These studies suggest that sporophyte-and gametophyte-specifying elements coexist in plant promoters, similar to other control elements (Benfey and Chua, 1990) .
The unstable mutation Adhl-Fm335 provides an opportunity to further analyze the sporophyticlgametophytic regulation of maize Adhl. Adhl-Fm335 expresses a low level of ADHl (20% of wild type) and in the presence of the regulatory element Acfivator (Ac), reverts to wild type in -5% of progeny (Osterman and Schwartz, 1981) . Molecular analysis proved that Adhl-Fm335 contains a small Dissociafion (Ds7) element at position +53 in the untranslated leader of Adhl (Sutton et al., 1984) . The sequence data from eight revertants of AdhfFm335 (Dennis et al., 1986) was used in the formulation of molecular models for transposition in plants Saedler and Nevers, 1985) . It was found that an 8-bp region of host DNA was duplicated upon the insertion of an Ac or Ds element and that parts of the duplication were often left behind when the transposon was excised. We demonstrate that such small insertions in the untranslated leader of theAdh7 gene affect mRNA accumulation specifically in pollen and that mutation in this region can result in a significant increase in gene expression over wild-type levels.
RESULTS

Identification of the Progenitor Allele
To provide an accurate description of Adhl-Fm335 and its derivatives, it was necessary to make comparisons to the progenitor allele from which the mutant was derived. Unfortunately, the progenitor allele for Adhl-Fm335 is not known and the original strains are no longer available. Because the 5'sequences flanking the maize Adhf gene are exceptionally polymorphic (Johns et al., 1983) , it was possible to identify the progenitor allele by comparing the 5' restriction map of AdhlFm335 to other strains of similar descent (see Methods). Using this approach, we identified the progenitor of Adh7-Fm335 as the same progenitor that produced another unstable mutation called Adh7-2F77 (which has a Ds2 element in the fourth exon; Chen et al., 1986) . Both unstable mutations were derived from the unusual Adh7-2Fallele (Doring et al., 1984) . Knowing this; we were able to utilize a full revertant of Adh7-2F77, Adh7-2F77-r57, as our wild-type strain (this revertant was isolated by B. DeFrancisci, B. Kloeckener-Gruissem, and M. Freeling; others were described by Chen et al., 1986) .
ldentification and Phenotypic Characterization of Revertants
The Adhl-Fm335 mutant and its revertants produce an electrophoretically fast-migrating (F) enzyme, whereas Adhl-S produces an electrophoretically slow-migrating (S) enzyme. ActiveADH1 is a molecular dimer in which the F and S monomers randomly associate; thus, extracts from heterozygous diploid tissues produce three electrophoretically distinguishable bands representing the F.F, F 5 , and S S ADHl dimers. During meiosis, the two alleles segregate away from each other such that only the F.F and S.S homodimers are present in pollen extracts.
In either diploid or haploid tissue, the distinct Adhf-S counter allele provides a sensitive interna1 control, serving as a referente for studying quantitative changes in Adhl-F expression (for review, see Freeling and Bennett, 1985) .
Ten plants carrying Adhl-Fm335 and Ac were crossed as males to plants carrying Adhl-S or AdhW3034 (another slowmigrating allele). From these crosses, a total of 1286 kernels were screened for ADH1-F activity in scutellum (nutritive tissue that surrounds the embryo) that deviated from the 20% of wild-type activity that is typical of Adhl-Fm335. There were 43 revertants with approximately wild-type expression and no partia1 revertants or null mutants. Based on preliminary observations, 12 revertants were subsequently chosen for detailed study. Each of the revertants was confirmed as a derivative of the Adh7-2F allele by the presence of two diagnostic 5' restriction sites (data not shown). In addition, we included severa1 previously described revertants of Adhl-Fm335 in our analysis (with the prefix RV). These were RWO, RV26, RV37, and RV46, all of which are known to be unique at the nucleotide sequence level (Dennis et al., 1986 ; seeds were generously supplied by D. Schwartz, Indiana University, Bloomington).
In previous studies of Adhl-Fm335 revertants, emphasis was placed on the DNA alterations caused by Dsl excision and not on the effects that excision may have had on Adhl expression (Dennis et al., 1986) . Hence, neither the gametophytic expression of revertant alleles nor a rigorous description of their sporophytic expression is available. Using starch gels such as those shown in Figure 1 , we analyzed the progenitor allele and each of 16 revertant alleles in scutellum, anaerobic root, and pollen. Statistical analysis of the quantitative data, shown in Table 1, indicated that there was no difference in scutellum or anaerobic root expression; however, pollen gene expression varied widely among alleles. Three categories of revertants were established: (1) a single low allele with reduced pollen expression (RV26); (2) 13 revertants with pollen expression levels similar to the AdhF2F progenitor (RV70, RV37, RV46, d778, d795, d805, d807, d808, d870, d827, d825, d827; and d836); and (3) two revertants with increased pollen expression (d807 and d876). The category designations are illustrated in Figure 2 . Relative to wild-type pollen expression (Adh7-2F), the alleles ranged in pollen expression from a low of 48% (RV26) to a high of 163% (d876).
The pollen-specific phenotypes described here could conceivably be the result of mutations that alter the viability of pollen. For instance, if the RV26 allele (or a closely linked mutation) selectively reduced the viability of Adhl-F pollen, then the amount of ADH1-F enzyme in pollen might be reduced. Likewise, d807 may have provided for an increased pollen viability. This was determined by crossing RV26IAdhl-S and d8071 AdhlS pollen to females carrying a third allele. In such crosses, half the progeny should carry ADH1-F and half should carry ADH1-S. Testcross pollinations of this type produced ADH1-S and ADH1-F in a 1:l ratio, showing that theAdh7-Fm335 revertants affect the level of ADHl product without affecting pollen viability (for RV26lAdhl-S, progeny were 87(S):107(F); for d8071 Adhl-S, 85(S):65(F); x2 = 2.1 and 2.7, respectively). Data shown are from AdhT-S heterozygotes. In diploid tissues of scutellum and anaerobic root, three MM bands are present representing the two homodimer bands (S-S and F-F) and the heterodimer band (F-S). The isozyme ADH2 is also strongly induced in anaerobic root, so that two additional bands representing the ADH1-S ADH2 and ADH1-F-ADH2 heterodimers are visible (for simplicity these are collectively labeled "ADH2"). In pollen, because AdM is not expressed until the products of meiosis have separated, the ADH1 (S-F) heterodimer is absent (Adh2 is not expressed in pollen).
Sequence Analysis
The progenitor allele and the 12 revertant alleles were cloned and the DMA sequence determined around the site of Ds7 insertion; the progenitor sequence was derived from Adh1-2F11.
In addition, the RV26 allele was cloned and the published sequence was verified. As shown in Table 2 , all of the revertants differed from the progenitor allele by minor alterations of the 8-bp host duplication sequence. The alterations are typical of the excision events generated by other plant transposons: parts of the host DNA sequence were deleted, and base pair transversions occurred around the original position of the Ds1 element Saedler and Nevers, 1985) . DNA gel blot analysis further suggested that there were no large scale changes within 10 kb upstream of the Adh1 start site (to the Hindlll site; data not shown). The sequence data revealed three unique alleles that have not been previously described. The novel alleles included two category 2 alleles, d795 and d807, and the category 3 alleles, d801 and d816, which are identical in sequence ( Table 2 ). The remaining alleles represent new isolates of previously described revertants (Dennis et al., 1986) . The d836 allele is identical to RV31 and RV43, d808 is identical to RV46, and six new alleles (o778, d805, d810, d821, 0-825, and d827) are identical to RV1 and RV56. ADH1 expression levels were not significantly different among alleles with the same sequence. Individual comparisons among the six alleles identical to o778 produced no significant differences at the 5% confidence level. Additionally, there were no significant differences between two other pairs of identical alleles, d801 versus d816 and RV46 versus d83& The strong correlation between nucleotide sequence and ADH1 expression levels confirms the overall accuracy of using Dennis et al. (1986) .
• Derived from the same male parent. ' Derived from the same male parent. Data on pollen expression from Table 1 are plotted as a percent of the ADH1-2F (wild-type) level. Standard deviations are shown as vertical lines at the top of each bar, and three categories of alleles (1, 2, and 3) are denoted.
allozyme ratios to measure quantitative gene expression (Freeling and Bennett, 1985) .
Analysis of mRNA
In pollen, RV26 expresses ADHl at 48% of the wild-type level and d807 expresses ADHl at 148% of the wild-type level. To address the question of whether the mutations affect the level of steady state mRNA or the efficiency of mRNA translation, mRNA levels were analyzed in mutant pollen using RNase protection assays. Plants either homozygous for RV26, d778, and d807 or heterozygous for d778lRV26 and d778ld801 were used to prepare anaerobic root and tassel spikelet poly(A)+ mRNA.
Spikelets, which include pollen, anther walls, and leaflike structures that surround the anthers, were used as a source of pollen mRNA because they produce more abundant and generally better qualityAdh7 mRNA than from mature pollen itself. Adhl mRNA is not found in leaf tissue, and previous studies indicate that, if present, Adh7 mRNA derived from anther walls is minimal (Kloeckener-Gruissem et al., 1992) . A uniformly labeled RNA probe complementary to Adh7 mRNA was prepared from a plasmid carrying the d778 clone. When a d778 probe is hybridized with mRNA from a homozygous d778 plant and digested with RNase A, a large portion of the probe homologous to theAdh7 leader is protected from digestion. As shown in Figure 38 , the predicted size of the protected fragment is 139 nucleotides. In contrast, when the radioactive d778 probe is annealed to the heterologous RV26 and 19801 mRNAs, RNase-sensitive loops are formed in the nonhomologous regions ( Figure 3B ). The predicted sizes of the fragments following RNase digestion of the heterologous hybrid molecules are 51 and 84 nucleotides for RV26, and 49 and 86 nucleotides for d807 (Figure 38 ). As shown in Figure  3A , the bands generated empirically by RNase protection are within 2 or 3 nucleotides of the predicted sizes. Such deviations from the predicted lengths are probably caused by the variable melting of double-stranded molecules at ends and within loop regions and the fact that sizes were estimated from DNA standards, which differ slightly in molecular weight from the RNA molecules under study. On the whole, the sizes of the protected fragments from all three alleles, d778, RV26, and d807, are consistent with the previously suggested site of transcription initiation in pollen (Kloeckener-Gruissem et al., 1992) .
Unexpected high molecular weight bands were also observed following RNase protection of spikelet mRNAs ( Figure  3A ). For instance, an additional 145-nucleotide band was observed in spikelet mRNA derived from d807 plants ( Figure 3A , lanes 8 and 9). This 145-nucleotide band could be interpreted as representing a second class of d807 mRNA, perhaps with a nove1 initiation site upstream. However, the 145-nucleotide band from either homozygous or heterozygous plants was not cleaved into two smaller sized fragments ( Figure 3A , lanes 8 and 9), suggesting that it was not derived from a legitimate d807 transcript. To reproduce the 145-nucleotide band under different conditions, RNase protection of the d807 mRNA was performed using an homologous d807 probe, and only a single band with the predicted size of 135 nucleotides was produced (data not shown). These data suggest that the unexpected large bands observed in Figure 3A are primarily the result of experimental artifacts and are not factors in the tissue- specific expression of the mutant phenotypes. The observation that unexpected bands were found in spikelet mRNA, but not root mRNA, may reflect the fact that significantly more spikelet mRNA was used in the hybridization reactions (see Methods). Quantitative differences in steady state mRNA levels between the RV26 and d801 alleles were analyzed by comparing plants heterozygous for d778/RV26 and d778/d801. Extracts from these plants produced three protected fragments (Figure 3A, lanes 5 to 8) , making it possible to use the d778 mRNA as an internal standard for the quantification of RV26 and d801 Adh1 mRNAs. In root, the RV26-\o-d778 and d801-\o-d778 mRNA ratios were 1.04 ± 0.1 and 1.17 ± 0.04, respectively, whereas in pollen, the ftV26-to-o778 and d807-to-d778 mRNA ratios were 0.96 ± 0.11 and 2.81 ± 0.08 (mean ± SD), respectively. Thus, in both organs, the levels of MM mRNA closely parallel the level of the gene product. In root, where RV26 and d801 express the same level of ADH1 (Table 1) , the mRNA levels are nearly identical; whereas in pollen, where the levels of ADH1 in RV26 and d801 plants differed by a factor of 3.1 (Table 1) , there was a 2.9-fold difference in the relative quantities of spikelet mRNA. (A) Autoradiograph of one RNase protection experiment. A DNA sequencing reaction was used for approximate length standards, which are given at right in nucleotides. A uniformly labeled antisense RNA probe from the cloned d778 allele (lane 1, at a 1/500 dilution) was annealed to anaerobic root and spikelet poly(A) + mRNA purified from plants of five different gentoypes (shown above each lane). When the o778 probe was hybridized with root mRNA from a homozygous o778 plant, a single band was produced with the expected length of 139 nucleotides (lane 2). However, when the probe was hybridized to the heterologous RV26 and dflOJ mRNAs, two bands of the (roughly) predicted lengths of 51 and 84 nucleotides (RV26) and 49 and 86 nucleotides (d801) were protected. In heterozygous plants that contain both the homologous d778 mRNA and the heterologous RV26 or d801 mRNA, RNase protection produced all three bands (lanes 5 to 8). Other higher molecular weight bands are explained in the text.
DISCUSSION
By studying revertants of the DsWnduced mutation Adh1-Fm335, we have directly demonstrated a naturally occurring overexpression mutant in maize and have shown that overexpression is caused by increased steady state levels of mRNA (Figures 1 and 3A) . To our knowledge, no similar c/s-acting overexpression mutation has been identified in plants. The nearest examples are in Drosophila, where transposon insertion has been shown to cause mutations with increased levels of steady state mRNA. In the Hairy-wing mutations, transposons within a structural gene cause an increased level of truncated transcripts (Campuzano et al., 1986) . In three high-G6PD activity mutants (Ito et al., 1989 ) and the Om(1D) mutations (Tanda and Corces, 1991) , overexpression of the gene product is caused by the activity of a nearby transposon. Although ourAdhl mutations were generated by a transposon, they differ from the Drosophila mutants by the fact that a transposon is no longer present at the locus. Thus, in addition to the previously described transposon-associated phenomena, (B) Line drawing illustrating the regions of nonhomology between o778 and the two alleles RV26 and d801. The alleles are identical except for the region affected by Ds1 excision. When the d778 probe is hybridized to d778 mRNA, a single band of 139 nucleotides is expected. Because the d778 allele is longer than either of the alleles RV26 and d801, nonhomologous loops formed in the probe strand of the hybrids are digested by RNase A, yielding two unequal sized fragments (the expected sizes in nucleotides (nt) are indicated for each allele).
which include genetic instability, the generation of stable null mutants, the alteration of enzymatic properties, and genetic suppression (reviewed by Wessler, 1988; Gierl et al., 
1989),
we describe a clear case where the excision of a transposon has the positive effect of creating a new allele with a level of expression that is higher than that of the wild-type progenitor.
Our revertants identify a new region of maize Adhl between positions +45 and +52 that regulates transcript accumulation in pollen. Mutations at this site can both increase and decrease pollen-specific expression (Figure 2 , categories 1 and 3). Pollen-specific information in the Adhl gene has previously been localized to the TATA box at position -31 using the unstable mutant Adhl-3Fll24 (Chen et al., 1987 ; Kloeckener-Gruissem et al., 1992) . While the TATA box has a known function in promoting transcription, the untranslated leader has not been shown to regulate organ-specific expression at a quantitative level. The 8-bp sequence GGGACTGA was duplicated by the insertion of Dsl into Adhl-Fm335 (Table l). The last seven bases of this region, GGACTGA, are conserved among four different Adhl alleles for which sequence is available (Sutton et al., 1984; Chen, 1986 ; the alleles are Adhl-PF, Adhl-S, Adhl-F, and Adhl-3F). Further, as shown in Figure 4 , this 7-bp motif is found twice in the untranslated leader of Adhl, once at position +19 and once at +46.
At least four lines of evidence suggest a specific role for the duplicated GGACTGA motif in promoting pollen-specific ADHl expression. (1) RV26, the only revertant with reduced pollen expression (Figure 2) is also the only revertant that lacks a complete GGACTGA motif at position +46 (Table 2) . (2) A gene encoding a closely related maize ADH isozyme, Adh2, lacks any sequence homology to GGACTGA in the untranslated leader (Dennis et al., 1985) and is not expressed in pollen (Schwartz, 1971) . (3) The maize Waxy locus contains a single CGACTGAsequence beginning at position +21 in the untranslated leader (Klosgen et al., 1986) , which is very similar in position and content to the first repeat of the Adhl motif, except for a C residue substituted for a G residue in the first base pair. Waxy is the only other well-studied maize gene that is
+1
+19 ACAGGCTCATCTCGGTTTGGACTGATTGGTTTCGTAA In Adhl-Fm335, the insertion of Dsl produced a duplication of the sequence GGGACTGA at position +45, placing the Dsl element at position +53. The ATG initiation codon occurs at position +108.
expressed in both the sporophyte and male gametophyte. (4)
There is near match to the GGACTGA motif in the pollenspecific clone BP79, which was derived from oilseed rape. Position +25 in the untranslated leader of BP79 contains the sequence GGTCTGA, which differs from the Adhl sequence by a T residue substituted for an A residue at the third base pair (Albani et al., 1991) .
Among the known pollen-specific genes, BP79 from oilseed rape is the only other gene demonstrated to have the same developmental expression profile as maize Adhl. Both Adhl and BP 79 are expressed throughout pollen development, beginning at a stage immediately following the completion of meiosis (Stinson and Mascarenhas, 1985 ; Albani et al., 1991) .
This pattern differs from most pollen-specific genes, which lack the GGACTGA motif and are not expressed until the first micro- Thus, it may be that the GGACTGA motif is involved in the early expression pattern typical of Adhl and BP79. We also note that the GGACTGA sequence shows similarity to a motif demonstrated to enhance gene expression in pollen, the 56/59 box, which has a critical sequence of GTGA (Twell et al., 1991) .
Whether the GGACTGA sequence is an indispensable feature of pollen-specific expression or acts by enhancing the expression provided by another region(s) remains to be seen. The availability of a simple and accurate transient assay system (Hamilton et al., 1992) should make it possible to address this question.
We provide the sequence of 12 newly identified revertants of Adhl-Fm335 (Table 2) . Each can be fully explained by previously proposed models for the mechanism of transposition in plants (Peacock et al., 1984, Saedler and Neves, 1985) . The most unique feature of this large group of alleles is the fact that one of the alleles was recovered eight times (those identical to d778). These alleles were derived from different male parents, ruling out the possibility that they were clonal derivatives of the same excision event. It appears that although the Ds element generates important genetic diversity, the range of variation may be limited by recurring classes of excision products.
At the level of ADHl activity, we characterized 13 alleles with wild-type expression levels ( Figure 2 , category 2), one allele with reduced pollen expression (category l), and two alleles with increased pollen expression (category 3). The revertant phenotypes were entirely pollen specific: all of the 16 revertants analyzed had wild-type expression levels in the sporophytic tissues of the scutellum and anaerobic root. DNA sequence analysis and RNase protection experiments were used to understand the molecular mechanism(s) underlying these pollen-specific phenotypes. Based on RNase protection data, we argue that the mRNAfrom three alleles (d778, RV26, and d807) is initiated at the same position as wild-type mRNA. Furthermore, because the steady state levels of mRNA parallel the changes in ADHl enzyme activity for each allele ( Figure  3A) , we suggest that the translatability of the mRNAs is not altered. The overall length of the untranslated leader appears to have no effect on gene expression, because the progenitor allele is shorter than both the underexpressing and overexpressing alleles (Table 2 , RV26 and d876). Finally, we know that the DNA sequences involved are small in scale; the d836 allele differs from the d876 allele by only one thymidine nucleotide, yet they differ in pollen ADHl levels by a factor of 1.8.
It is possible that changes in the central 5'untranslated leader of Adh7 have the effect of altering mRNA stability. The stability of Adh7 mRNA has been discussed in a previous report on Adhl-Fm335 (Dennis et al., 1988) . In roots, the Os7 element is spliced from the mRNA, leaving 14 nucleotides of Ds7 sequence and the 8-bp host duplication sequence. This 22-bp insertion contains some of the same sequence found in the revertants. Whereas the Adhl-Fm335 mutation reduced steady state mRNA to 1% of wild-type levels, the rate of transcription from the gene remained unaltered (Dennis et al., 1988) . It is possible that the stability of the mRNA is reduced due to the 22-bp insertion, but this effect is probably a result of improper processing of the Ds"intron"(as noted by the authors). Indeed, in most eukaryotic genes the sequences that regulate mRNA decay are found in 3 ' untranslated regions (see Brawerman, 1987; Gruissem et al., 1988) .
Alternatively, the small insertions conditioned by Os excision might affect transcription. Although the Adhl GGACTGA motif between +46 and +52 is downstream of the region normally associated with promoting transcription, promoter elements have been shown to occur in intragenic sequences (Hutmarket al., 1986; Nakatani et al., 1990) . The best characterized example is an element between +10 and +50 of the human glial fibrillary acidic protein (gfa) gene that interacts with the TATA binding factor TFllD (Nakatani et al., 1990 
METHODS
Selectlon of Revertants
Seeds homozygous for Adhl-fm335 and heterozygous for Activator (Ac) were provided by John Osterman, University of Nebraska at Lincoln. Ten plants of this genotype were crossed as a male to plants either homozygous for Adhl-S or Adhl-S3034 (for description of Adhl alleles, se8 Freeling and Bennett, 1985) . Scutellar slices were prepared and Adhl allozymes separated by starch gel electrophoresis (Freeling and Schwartz, 1973) . Seeds showing wild-type Adhl-F levels were grown and either self-crossed or crossed by a strain homozygous for Adhl-S.
ADHl Activity Measurements
All assays of revertant expression were carried out on Adhl-fm335-(derivathe)/Adhl-S heterozygotes. Extracts from mature (aerobic) scutellum and anaerobically induced root (submerged in water for 24 hr) were prepared as described by Woodman and Freeling (1981) . P o l h was collected and stored dry at -8OOC (ADH1 activity lasts for at least 1 year under these conditions). Approximately 10 mg of pollen was ground in 20 mg alumina (Sigma) and 100 pL of extraction buffer (50 mM Tris-HCI, 5% [vhr] 2-mercaptoethanol, 15% [vhr] glycerol, and 0.01% [whr] bromophenol blue) using plastic mortars designed to fit into microcentrifuge tubes (Kontes Pellet Pestles; Fisher Scientific). The extracts were incubated on ice for 15 min, and centrifuged at 14,000 rpm for 15 min. lhe Adhl allozymes were separated by either 5% stacking and 8% separating native polyacrylamide gel electrophoresis (Sachs et al., 1980) or by starch gel electrophoresis as described above. ADHl expression levels were quantified using an integrating densitometer (l ransi dyne General 2970; see Woodman and Freeling, 1981) . l h e percent contribution by either allele was determined by summing the integrated density of the appropriate homodimer band (FF or SS) and one-half the density of the hetercdimer band (FS). Because ADHl is not expressed until the products of meiosis have separated (Stinson and Mascarenhas, 1985) , Adhl-S and Adhl-F are expressed independently in pollen; thus, in heterozygous stocks, it is possible (and rnost accurate) to calculate ADH1-F activity as a percentage of ADH1-S.
Statistical comparisons (Student's t tests) were made computationally using the Statworks program (Cricket Software, Inc., Philadelphia, PA).
DNA Methodology
DNA was prepared by the method of Murray and lhompson (1980) . Unless otherwise noted, we followed standard procedures for DNA manipulation (Sambrook et al., 1989) . Restriction mapping was carried out by DNA gel blot analysis using a 750-bp radioactive probe homologous to the 5' untranscribed region of Adhl (BamHI to Banll fragment). Five enzymes (Hindlll, Sacl, Kpnl, Bg111, and Bcll) were used to identify Adhl-2F as the progenitor of Adhl-Fm335.
The revertants were cloned by amplifying the untranslated leader of the respective alleles using a polymerase chain reaction (PCR) kit (Perkin Elmer Cetus) and 21 nucleotide primem (primem OAand UG06; see Kloeckener-Gruissem et al., 1992) in a DNA thermal cycler (Perkin Elmer Cetus). The DNA was denatured for 1 min at 93OC, annealed for 2 min at 55OC. and extended for 3 min at 72%, 25 times each. For d778, d795, d807, and Adhl-2F77, the DNA was digested with Haelll and Bcll. The resulting 218-bp fragment was ligated into pBluescript KS-(Stratagene), digested with EcoRV and BamHI, and transformed into fscherichia coli DH5a (Bethesda Research Laboratories). PCR products from the remaining revertants (RV26, d805.4807, d808, d870, d876, d827, d825, d827, and d836) were cloned directly using the TA cloning kit from lnvitrogen (San Diego, CA). The colonies obtained from transformations were screened by colony hybridization with a probe specific to the amplified region.
For each allele, plasmids from two independent colonies (only one for Adhl-2Fll) were purified for sequencing. The double-stranded DNA of each of 27 plasmids was sequenced in one direction using Sequenase V.2 (U. S. Biochemicals) and a primer homologous to the T7 promoter. Only the sequence duplicated by the Dsl element and 20 bp on each side were recorded and analyzed. l h e sequences did not vary between duplicate cloned alleles except for two single nucleotide differences, which were assumed to be PCR errors (in one d795 and one RV26 clone). Otherwise, except for the regions affected by Ds excision, all revertants were identical to the Adhl-2Fll sequence and to the relevant sequence of Adhl-Fm335 (Sutton et al., 1984) .
RNase Protection Assays
PoIy(A)+ mRNA was prepared from'anaerobic roots (submerged in water for 24 hr) and mature spikelets as described by Kloeckener-Gruissem et al. (1992) . RNase protection was essentially as described in Kloeckener- Gruissem et al. (1992) with the following modifications. The DNA templates for probe synthesis were the cloned d778 and d807 alleles described above. The plasmids were linearized with Hindlll and a 270-nucleotide radioactive probe prepared with T7 RNA polymerase (Promega). The probes were annealed to ~0.01 pg of the root mRNAs and 1.0 pg of the spikelet mRNAs (Adhl mRNA is highly abundant in anaerobic roots) and digested with 80 NglmL RNase A (Sigma) for 60 min at 21OC. RNase was removed by a 40-min digestion with protease K (0.25 pg/mL) at 21OC. DNA sequencing reactions were used as approximate size markers. Quantitation (by densitometry of two experiments) was carried out using a video camera and National lnstitutes of Health software in the Center for Plant Developmental Biology at University of California, Berkeley. Only the 49-, 51-, 84-,8&, and 139-nucleotide bands shown in Figures 3A and 38 were used in quantitation.
